Humans and climate affect ecosystems and their services 1 , which may involve continuous and discontinuous transitions from one stable state to another 2 . Discontinuous transitions are abrupt, irreversible and among the most catastrophic changes of ecosystems identified 1 . For terrestrial ecosystems, it has been hypothesized that vegetation patchiness could be used as a signature of imminent transitions 3, 4 . Here, we analyse how vegetation patchiness changes in arid ecosystems with different grazing pressures, using both field data and a modelling approach. In the modelling approach, we extrapolated our analysis to even higher grazing pressures to investigate the vegetation patchiness when desertification is imminent. In three arid Mediterranean ecosystems in Spain, Greece and Morocco, we found that the patch-size distribution of the vegetation follows a power law. Using a stochastic cellular automaton model, we show that local positive interactions among plants can explain such power-law distributions. Furthermore, with increasing grazing pressure, the field data revealed consistent deviations from power laws. Increased grazing pressure leads to similar deviations in the model. When grazing was further increased in the model, we found that these deviations always and only occurred close to transition to desert, independent of the type of transition, and regardless of the vegetation cover. Therefore, we propose that patch-size distributions may be a warning signal for the onset of desertification.
It is of the utmost importance to find early warning signals of transitions that can alter ecosystems' services in fundamental ways, causing losses of ecological and economic resources 2, 4 . Determining proximity to transitions is especially important for arid ecosystems, which may convert into deserts 2, 4, 5 . According to the Millennium Ecosystem Assessment, increasing external pressures by human activities or climate change will lead to desertification, affecting the livelihood of more than 25% of the world's population 1 . A mechanism playing a dominant role in the functioning of arid ecosystems is local facilitation among plants [6] [7] [8] [9] . Local facilitation is the biophysical ameliorative effect of sessile organisms, such as plants, on their neighbouring environment. Such local positive interactions induce vegetation patchiness 6, 7, 10 and determine the response of this patchiness to environmental change 3 . We investigated how the spatial organization of vegetation is influenced by the degree of external stress by combining modelling and field data from three grazed Mediterranean arid ecosystems in Spain, Greece and Morocco. In each of these ecosystems, we collected data on three sites that differed with respect to the livestock grazing pressure (Table 1 ; Methods). In each of the nine (3 3 3) sites, we analysed the number and the sizes of the vegetation patches (see Methods) , and plotted the number of patches, N(S), as a function of their sizes, S. We fitted these patch-size distributions to two different models: a power law, N (S)~CS {c ; and a truncated power law, N (S)~CS {c e { S Sx , where c is the estimated scaling exponent of the model, S x the patch size (in centimetres) above which N(S) decreases faster than in a power law, and C is a constant 11, 12 . To understand the mechanisms that may be responsible for the spatial organization of the vegetation, the observed distributions were compared with distributions generated by a stochastic cellular automaton model (see Methods).
We focused first on the spatial organization of the field sites with the lowest grazing pressure. In the three ecosystems, a power law best fitted the patch-size distribution characterized by a linear relation on a logarithmic scale (Fig. 1a, d and g ). This power-law relation implied that vegetation patches were present over a wide range of size scales, with many small patches and relatively few large ones. The values of the scaling exponents c of these power laws are similar among the three ecosystems, which is consistent with the hypothesis of a universal mechanism of Mediterranean ecosystem organization. At the sites with higher grazing pressure, we found that a truncated power law best described the patch-size distribution: that is, there was a consistent deviation from a power law for all three ecosystems (Fig. 1b, c , e, f, h and i). The scaling exponents c of these truncated power laws have smaller values than the c estimated for the powerlaw relations. These deviations from power laws are due to a deficiency of large patches in areas described by truncated power laws compared to power laws. To identify the mechanisms responsible for generating the power laws and their deviations, we constructed a spatial model (see Methods) of arid ecosystems. The model described arid ecosystems as lattice-structured habitats, in which each cell is occupied by vegetation (denoted 1), unoccupied by vegetation (denoted 0), or degraded (denoted 2). At each time step, the status of each cell can change with a probability per unit of time, depending on the status of the cell and its neighbours. Plants reproduce by spreading seeds throughout the lattice. A fraction of the seeds is dispersed locally, whereas the rest is dispersed globally 13 . The recruitment of a new individual has a probability of being successful only if the seeds reach a {0}-cell and depends on global competition for resources (negative density-dependence). The mortality of a {1}-cell occurs at a densityindependent rate and may turn a {1}-cell into a {0}-cell. A {0}-cell may undergo further degradation, for example, by processes such as erosion and soil crust formation. This may turn a {0}-cell into a {2}-cell in a density-independent manner. Regeneration of a {2}-cell is faster when there are more {1}-cells in its neighbourhood, because of the positive effect of vegetation on its micro-environment; this is how local facilitation is modelled. We call a system with no vegetation cells a desert. Local positive interactions include local facilitation and local seed dispersal. We model grazing pressure as higher mortality of {1}-cells, which is the minimal possible way of including grazing in our model 14 . Grazing may include other effects, such as soil trampling or non-random movement of the animals that we do not take into account in our model. We present the model results for varying grazing pressure, but varying aridity has the same qualitative effect.
The model results showed that in systems with low grazing pressure strong local positive interactions (that is, strong local facilitation and a large proportion of seeds locally dispersed) led to a patch-size distribution characterized by a power law (Fig. 2a) . When we decreased the strength of local positive interactions, the patch-size distribution deviated from a power law (Fig. 2b, c) . In other words, strong local positive interactions are needed in our model to produce a power-law distribution at low grazing pressure. Without local positive interactions, power laws are never observed in our model. Thus, local positive interactions can explain the spatial organization of vegetation in the form of power laws in the three arid Mediterranean ecosystems with the lowest grazing pressure. We do not intend to prove here that local facilitation is the only possible mechanism generating the observed power laws. However, local facilitation is generally recognized as a dominant ecological mechanism driving the dynamics of arid ecosystems, and is more specifically known to operate in the three ecosystems where we collected the data 7, 10 . So, our model results suggest that local facilitation is (at least) one of the mechanisms at the origin of the observed power laws.
When we increased grazing pressure in our model, while keeping the local positive interactions strong, the patch-size distribution deviated from a power law in a way similar to what was observed (Fig. 2d-f ). In the model, the effect of increasing grazing pressure appeared to be similar to the effect of decreasing the strength of local positive interactions (Fig. 2) . This can be understood intuitively Table 1 for the grazing intensities). a-c, Spain. d-f, Greece.
g-i, Morocco. The P-value of the sum of square reduction test, the R 2 of the best-fitted model (either power law, PL, or truncated power law, TPL), c and S x (see text) are given.
because local positive interactions are crucial in maintaining vegetation in the model system, and even more so when the level of grazing pressure is high. If grazing pressure increases, stronger local positive interactions are required to maintain the system in a similar vegetation state. If the strength of local positive interactions remains the same (no plant adaptation), there is a level of grazing at which local positive interactions cannot prevent the vegetation from extinction. Thus, our model results are in agreement with our observations from Mediterranean arid ecosystems that increased grazing pressure leads to patch-size distributions that deviate from power laws, because of a decrease in the frequency of large patches.
The scaling exponents c of the power laws obtained in the model are similar to the values observed in the data, although slightly higher (compare Fig. 2a, d with Fig. 1a, d and g ). Consistent with the data, the scaling exponent c estimated for the truncated power law is always smaller than the one estimated for the power law (Fig. 2b, c , e and f). The S x values are of the same order of magnitude as the values estimated for the field data.
The model simulation results also showed that transitions from a vegetated to a desert state could be continuous or discontinuous (Fig. 3) . At low grazing pressure, the density of vegetation gradually decreases towards zero with increasing aridity (Fig. 3a) . The transition is then called continuous. However, if the grazing pressure is high, the density of vegetation undergoes discontinuous transitions with increasing aridity (Fig. 3b) . This is because the system becomes bistable close to transition (Fig. 3b) . Indeed, when mortality is higher because of grazing, vegetation cells might not have time to form viable patches before they die. Whether vegetation can survive in the system may then depend on the initial vegetation density, leading to bistability. In this case, a decrease in aridity to the values for which the transition occurred does not necessarily lead to a recovery of the vegetation (hysteresis). Both along continuous and discontinuous transitions, our model simulations showed that the patch-size distribution deviates from a power law just before the transition point to a desert (Fig. 3) . Thus, these deviations from a power law are a general behaviour of the model system close to transition, independent of the type of transition (Fig. 3) , and regardless of the vegetation cover (Fig. 2c, f) . As far as we know, power laws have not previously been described for patch-size distribution of vegetation in arid ecosystems. Power laws are commonly found in a number of biological systems 12, [15] [16] [17] [18] [19] and physical systems (for example, see ref. 20) , but the mechanisms generating them are not clearly understood in the case of ecosystems. Our study showed that local positive interactions can be responsible for power-law distributions of vegetation patches in arid Mediterranean ecosystems with a low grazing pressure. Deviations from power laws because of a deficiency of large patches in systems with high grazing pressure always occur closer to transitions than do the power laws themselves. Our model behaves differently from classical critical systems 21 , where power laws only occur at the transition point. This may be explained by a major mechanistic difference between our model and classical critical models that we now address.
In classical critical systems, such as wind-disturbed tropical forests or wave-disturbed intertidal mussel beds, the abiotic disturbance (for example, wind or waves) removes the susceptible cells (occupied by trees or mussels) from the system, thereby creating disturbed cells (empty cells that are recolonizable). The intensity of the abiotic disturbance increases with the local density of disturbed cells, leading to 'active' propagation of the disturbance 22 . In those systems, the spread of the disturbance shapes the patch-size distribution. Therefore it makes sense that power laws occur for strong disturbances, corresponding to systems close to extinction. In our system, the vegetation spread (rather than the propagation of the disturbance) determines the patch-size distribution. In our system, the disturbance is a degradation process that only affects recolonizable cells creating degraded cells; so the disturbance does not directly affect the susceptible cells (in our model, the vegetation cells). The existence of a third status, recolonizable, as a necessary stage between susceptible and disturbed constrains the spatial propagation of the disturbance. We thus expect power laws to occur for high vegetation densities, corresponding to systems far from extinction.
Arid ecosystems are among the most sensitive ecosystems to global climate change 23 . High grazing pressure pushes arid ecosystems towards the edge of extinction 1 . Increased aridity can then lead to desertification in a discontinuous way, where the possibility of recovery will be low [2] [3] [4] 14 . How the consistent deviations from power laws exactly relate to desertification in the field is an important and urgent question for future research, because our model results suggest that such deviations may be early warning signals for desertification of arid ecosystems.
METHODS SUMMARY
In the nine field sites, effective stocking rates (animals per hectare per year) were calculated by observation of animals. Vegetation surveys were performed on 30 random transects per site using the lineintercept method. We define a 'patch' as a distance on a transect that is totally covered by vegetation. For each site we examined the noncumulative patch-size distribution: that is, the relationship between patch number and patch size. The two possible (nested) models for the patch-size distribution on a logarithmic scale-power law or truncated power law-were compared with a sum of square reduction test at a 5% significance level 24 .
The model simulations (see Methods for model details) were carried out on grids of 100 3 100 cells by using a stochastic asynchronous update algorithm of the cellular automaton 25 . Two {1}-cells are part of the same patch if they have one of their four edges in common, which is consistent with the data analysis. To derive the non-cumulative patch-size distribution, we used size-classes of five cells, and evaluated the number of patches in each class. The comparison between the two models for the patch-size distributions on a logarithmic scale was done in the same way as for the data. The aridity level was estimated by b, the probability of recruitment of a new vegetation cell in a system without competition. We used the correlation approximation 26 to get numerically derived bifurcation diagrams, using the CONTENT software 3, 27 . Along the transitions, we numerically determined the value of the bifurcation parameter at which the best-fitted model switches from power law to truncated power law. We did that by running the model for different aridity levels, plotting the patch-size distribution, and testing which of the two models best fits statistically.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
